The Standard Model of particle interactions is extended to include fermion doublets (n, e) R transforming under the gauge group SU (2) R such that n is a scotino (dark-matter fermion), with odd R parity. This dark left-right model (DLRM) treats neutrinos and scotinos in parallel, and has interesting phenomenology at the Large Hadron Collider (LHC).
In this talk, I will discuss the concept of having a "right-handed" singlet neutrino. I will consider its role in the Standard Model of particle interactions, and in its left-right gauge extension. I will show how its true identity may be misread in the usual treatment of left-right models, and expose it as a "scotino", i.e. a dark-matter fermion. Interesting phenomenological and theoretical consequences of this hypothesis are presented.
SM ν R is not compulsory
The Standard Model (SM) does not need a singlet fermion ν R because it transforms as as φ 0 acquires a nonzero vacuum expectation value. Thus ν R is usually referred to as the "right-handed neutrino". However, since ν R is a gauge singlet, it can have an arbitrary
Majorana mass m R . The resulting 2 × 2 mass matrix is of the famous seesaw form
which has the eigenvalues m R /2 ± (m
Assuming m R >> m D then implies ν L is almost a mass eigenstate with mass eigenvalue −m 2 D /m R . This idea (1979) has tyrannized the thinking of neutrino mass for some 20 years. On the other hand, it was certainly known already in the beginning that ν R was not compulsory for neutrino mass in the SM, but it was not until about 10 years ago (1999) that other equally "natural" mechanisms were also widely discussed.
In particular, a Higgs triplet (ξ ++ , ξ + , ξ 0 ) with a very small vacuum expectation value ξ 0 works just as well for ν L to acquire a Majorana mass without any ν R . However, it was incorrectly thought by the community at large for many years that this is somehow "unnatural". To understand why this is also a seesaw mechanism (Type II) and just as natural as that (Type I) using ν R with a large m R , see for example the 1998 paper of Ma and Sarkar, [1] where it is shown simply and explicitly that
if m 2 ξ is positive and large.
3 Left-right ν R is compulsory
implies the well-known result that X = (B − L)/2 and Y = T 3R + (B − L)/2. There must then be Higgs bidoublets
both transforming as (1, 2, 2, 0), yielding lepton Dirac mass terms
and similarly in the quark sector. This results in the appearance of phenomenologically undesirable tree-level flavor-changing neutral currents from Higgs exchange, as well as in-
If supersymmetry is imposed, thenΦ can be eliminated, but The Type I seesaw mechanism is thus implemented and everyone should be happy. But wait, no remnant of the SU(2) R gauge symmetry is detectable at the TeV scale and we will not know if ν R really exists. Is there a natural way to lower the SU(2) R × U(1) B−L breaking scale?
The answer was already provided 22 years ago [2] 
Under its maximum subgroup SU(3) C × SU(3) L × SU(3) R , the 27 is organized instead as 
In this supersymmetric model, ν L is still the Dirac mass partner of ν R and gets a seesaw mass, whereas [3] n R (which couples to e R through W R ) mixes with the usual neutralinos, the lightest of which is a dark-matter candidate.
Dark left-right model
Earlier in 2009, a simpler nonsupersymmetric variant of the ALRM was proposed [4] which has the same basic fermion structure as a model discussed already 31 years ago [5] . We call it the Dark Left-Right Model (DLRM). We impose a global U(1) symmetry S, so that under
and the Higgs bidoublet as
HenceΦ has S = −1/2 and the Yukawa termψ LΦ ψ R is forbidden, whereasψ L Φψ R is allowed.
The breaking of SU (2) 
The former allows a Dirac mass term m eēL e R , whereas the latter means that ν L and n R are not Dirac mass partners and can be completely different particles with independent masses of their own. Since n R has L = 1/2 − 1/2 = 0, it also has odd R parity, i.e. R = (−) 3B+L+2j = −1, even though the model is nonsupersymmetric. It may thus be a dark-matter fermion, i.e. a scotino.
Let n R and ν L become massive in parallel, the former via (∆
The Higgs doublet Φ L ∼ (1, 2, 1, 1/2; 0) is needed as well as Φ R ∼ (1, 1, 2, 1/2; −1/2) because the quark sector is now given by
The allowed Yukawa terms are 
The lower (upper) bound applies to φ
. At the LHC (with E cm = 14 TeV), the discovery reach [4] of this Z ′ by the observation of 10 dilepton events of one type is M Z ′ = 1.5 (2.4) TeV for an integrated luminosity of 1 (10) fb −1 . Once Z ′ is observed, this model predicts W R as shown, in contrast to all purely U(1) ′ gauge models.
The particles n, h, W Since n always interacts with a lepton in this model, recent observations by the PAMELA and ATIC collaborations may also be relevant. [6] 6 Scotogenic neutrino masses
The mass of ν L may also be derived from n R as a radiative effect, i.e. scotogenic. To accomplish this, ∆ L is removed in favor of of a scalar singlet χ ∼ (1, 1, 1, 0; −1) , then the trilinear scalar term Tr(ΦΦ † )χ is allowed. Using the soft term χ 2 to break L to (−) L , a scotogenic neutrino mass is obtained in one loop, as pointed out first [7] in 2006.
Conclusion
The presence of ν R is unavoidable in a left-right gauge extension of the Standard Model.
However, it does not have to be the Dirac mass partner of ν L . In that case, it should be renamed n R and could function as a scotino, i.e. a dark-matter fermion. The SU(2) R gauge bosons of this dark left-right model (DLRM), i.e. W ± R and Z ′ , are observable at the LHC.
The recent PAMELA and ATIC observations may also be relevant. Scotogenic neutrino masses are also possible.
